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I NTROOUCT I O N  

Recent s tud ie s  u t i l i z i n g  deuterium l a b e l l i n g  t o  t r a c e  the  pathways of 
hydrogen t r a n s p o r t  between donor so lven t ,  c o a l ,  and model compounds i n  the  
l abora to r i e s  of Professor  Leon Stock (Univ. of Chicago), Ors. L .  A.  Heredy, 
R .  P .  Skowronski and 3 .  J .  Ratto (Rockwell In t e rna t iona l )  and i n  our own l ab -  
o ra to ry  promise t o  provide a de t a i l ed  understanding of mechanistic pathways 
opera t ing  a t  the molecular leve l  dur ing  coal d i s so lu t ion  i n  donor media. 
Deuterium scrambling in donor so lvents  c o n s t i t u t e s  a s e n s i t i v e  proby 9f  the 
s t r u c t u r a l  f e a t u r e s  of coal and mineral matter.  In previous papers ' we 
presented d e t a i l e d  information concerning the time dependence of t he  s t r u c t u r a l  
d i s t r i b u t i o n  of deuterium t r ans fe r r ed  t o  3 subbituminous coal a t  427°C i n  
t e t r a l i n - 1 , l - d  
temperature r egc t ions  of s p e c i f i c  r ad ica l s  i n  the  t e t r a l i n  and a lkyl indan  
systems we presented evidence t h a t  2 - t e t r a l y l  a s  well as  1 - t e t r a l y l  r ad ica l  i s  
formed during the  oxida t ion  of t e t r a l i n  t o  naphthalene.  
intermediacy of 2 - t e t r a l y l  was the  observa t ion  of scrambling of deuterium from 
the  1- t o  t h e  2-pos i t ion  o f  t e t r a l i n  dur ing  r eac t ion  with coa l .  In  t h i s  paper 
we present  a s tudy  o f  t he  scrambling and deple t ion  of deuterium i n  r eac t ions  
of a bituminous and a subbituminous coal w i t h  t e t r a l i n - 1 , l - d  . Radical and 
ion ic  pathways respons ib le  f o r  major d i f f e rences  i n  sc rambl i ig  r a t e s  f o r  the 
two coa l s  a r e  d iscussed .  

In a pre l iminary  r epor t  o f  our recent  s t u d i e s  of h i g h  

The evidence f o r  t h e  

EXPERIMENTAL 

Mater ia l s  

Two coa l s  were used i n  t h i s  s tudy:  I l l i n o i s  86 (Monterey) bituminous coal 
(C, 76.8%, H ,  4.8%, 5, 3.2%, N, 1.61% dry maf bas i s ,  4.8% ash )  and Kaiparowitz 
subbituminous coal (C, 77.3%, H, 1.2%; S ,  0.8%; N ,  1.2% dry  maf b a s i s ,  8?5% 
ash ) .  The coa l s  were ground t o  -300 U.S. mesh and d r i ed  a t  80°C and 10- 
Torr.  

*This work was supported by the  U.S. Department of Energy, Processes and 
Techniques Branch, Division of Chemical Sciences,  Off ice  of Basic Energy 
Sc iences ,  under con t r ac t  DE-AC06-76RLO-1830, w i t h  B a t t e l l e  Memorial I n s t i t u t e .  
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Tet ra l in -1 , l -d  was prepared as descr ibed  previous ly2  except t h a t  t he  
byproduct dihydronaGhtha1 ene was removed by t rea tment  of the  mixture of 
t e t r a l i n - 1 , l - d  
naphthalene foflowed by d i s t i l l a t i o n  o f  the  lower bo i l ing  t e t r a l i n .  

Procedure f o r  t h e  Reactions of Coals and Tetra1 in-1 , l -d2  

capped type 316 s t a i n l e s s  s t e e l  tube.  
ba th  maintained a t  a s u i t a b l y  h igher  temperature such t h a t  the  bath would 
a t t a i n  the des i r ed  temperature (427 f 5°C) wi th in  approximately one minute. 
The tube was withdrawn a f t e r  the des i r ed  r eac t ion  time, quenched i n  water ,  and 
worked up a s  fo l lows:  The contents  of t he  tube were washed i n t o  a beaker w i t h  
t e t rahydrofuran  (THF), ca .  75 ml. The THF so lu t ion  and f i n e s  were cent r i fuged  
f o r  several  minutes.  TG THF so lu t ion  was decanted and the  f ines  washed and 
cent r i fuged  two more t imes t o  remove so lub le  ma te r i a l .  
were combined and concent ra ted  t o  s. 2 ml and added t o  250 ml of pentane above 
a 0.45 um Mi l l i po re  f i l t e r .  
and were c o l l e c t e d  on the  f i l t e r  and washed w i t h  t h ree  por t ions  o f  pentane. 
Small por t ions  o f  the pentane s o l u t i o n s  were saved f o r  gc ana lys i s  t o  determine 
methylindane, t e t r a l i n ,  and naphthalene y i e lds .  The pentane so lu t ions  were 
concentrated t o  an o i l  i n  a small f l a s k  which was a t tached  t o  a sho r t  path 
vacuum d i s t i l l a t i o n  appara tus  and t e f r a l i n ,  naphthalene and methylindane 
_ _  et  a l .  were removed a t  150°C and 10 Torr ,  l eav ing  the  l i g h t  o i l s  behind. 
The t e t r a l in /naph tha lene  mixture  was separa ted  i n t o  i t s  components by prepara t ive  
gc o r  by p repa ra t ive  l i q u i d  chromatography. 

and dihydronaphthalene w i t h  s u f f i c i e n t  Br2 t o  consume dihydro- 

Coal (0.759) and T e t r a l i n  (1.59) were loaded in  a 3 i n  x 3/8 in  Swagelok- 
The tube was plunged i n  a molten lead 

The THF so lu t ions  

The preasphal tenes  and asphal tenes  p rec ip i t a t ed  

Deuterium Analysis 

I so l a t ed  t e t r a l i n  and naphthalene were f i r s t  examined by proton-decoupled 
'H Fourier t ransform nuc lea r  magnetic resonance (FTNMR) spectroscopy (12.211 i1Hz) 
using a Varian model FT-80 instrumTnt. 
w i t h  toluene-d and reexamined by H FTNMR. The to luene  methyl resonance l i e s  
conveniently r k o l v e d  between t h e  two a l i p h a t i c  resonances of t e t r a 1  i n .  
toluene-d / t e t r a l i n  r a t i o  as determined by gas chromatography (gc)  was used 
i n  conjunption w i t h  t h e  toluene-d / t e t r a l i n  FTNMR in t eg ra l  r a t i o s  t o  c a l c u l a t e  
the to t a l  i so tope  l eve l  i n  the regovered t e t r a l i n .  
and naphthalene were a l s o  examined by gc/mass spectrometry t o  determine the  
d i s t r i b u t i o n  o f  l abe led  spec ie s .  

The t e t r a l i n  samples were then spiked 

The 

The  recovered t e t r a l i n  

RESULTS AND DISCUSSION 

The d i s t r i b u t i o n s  of deuterium l abe l  i n  t h e  recovered t e t r a l i n  and 
naphthalene a r e  shown i n  Table 1 .  For Kaiparowitz c o a l ,  deuterium i n  t h e  
1-pos i t ion  of t e t r a l i n  decreases  from 100% t o  781 a f t e r  60 minutes '  r eac t ion .  
For I l l i n o i s  No. 6,  the deuterium content  f a l l s  from 100% t o  39% a f t e r  60 

the 60 m i n u t e  r e a c t i o n  o f  Kaiparowitz. Incorporation of deuterium i n  t h e  
2-pos i t ion  of t e t r a l i n  t o  the  ex ten t  of 11% occurs i n  5 minutes w i t h  I l l i n o i s  
No. 6 but requi red  60 minutes w i t h  Kaiparowitz. 
bution of deuterium would lead t o  33% labe l  i n  each o f  t h e  aromatic 1-  and 

r?i!?utoc, 2-6 the A-rcc " - Y  zf .Cr.mh!iy ;s :r:.tor .ftor e.!:. 5 r?.i.!Jtes the? 

A completely random d i s t r i -  
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2-pos i t ions .  The Kaiparowitz r eac t ion  was well sho r t  of complete scrambling 
a t  60 minutes, but t he  I l l i n o i s  No. 6 approaches complete scrambling a t  35 
minutes. 

The exchange of deuterium between coal and  t e t r a l i n  occurs in  both 
cases .  Table 2 shows t h a t  about 25% of the label  i s  l o s t  from t e t r a l i n  for 
e i t h e r  coal in  60 minutes. The r a t e  of l abe l  l o s s  appears s l i g h t l y  f a s t e r  
f o r  I l l i n o i s  No. 6 in  the s h o r t e r  reac t ion  t imes.  The t o t a l  hydrogen uptake 
by the t w o  coa l s ,  as measured by the conversion of t e t r a l i n  t o  naphthalene,  
i s  i den t i ca l  f o r  the two coa ls  a t  10 minutes '  o r  l e s s  reac t ion  time (Table 3 ) .  
The I l l i n o i s  No. 6 coal consumes s l i g h t l y  more hydrogen a t  long reac t ion  
t imes.  T h i s  method i s  in  e r r o r  probably by about 3-5% of naphthalene y i e l d  
s ince  some t e t r a l i n  becomes chemically bonded t o  f r ac t ions  of the c o a l .  I t  
i s  f u r t h e r  noted t h a t  the y i e l d s  of 1-methylindan a r e  only s l i g h t l y  g r e a t e r  
a t  longer r eac t ion  times f o r  I l l i n o i s  No. 6. 

a t  sho r t  reac t ion  times i s  s imi l a r  f o r  the two coa ls  and  t h a t  b o t h  coa ls  
undergo label  excbange with the coa l ,  reminiscent of the r e s u l t s  of Skowronski, 
Heredy a n d  Ra t to .  The dramatic increase  in  scrambling r a t e s  induced by 
I l l i n o i s  No. 6 coal a t  equa l 'degrees  of ox ida t ion  of the t e t r a l i n  almost 
c e r t a i n l y  ind ica t e s  a d i f f e r e n t  scrambling mechanism t h a n  t h a t  occuring with 
Kaiparowitz Coal. 

I n  the conventional p i c tu re  of coal d i s s o l u t i o n ,  unimolecular cleavage 
of weaker C-C,  C-S and C-0 bonds in  the coal leads t o  f r ee  r ad ica l s  ( eq .  1 )  
which a b s t r a c t  hydrogen from the coal or donor so lven t ,  or undergo d ispro-  
po r t iona t ion ,  combination, fragmentation and addi t ion  r eac t ions ,  a n d  p a r t i c -  
i pa t e  in  chain decompositions of hydrocarbons. 

I t  i s  c l e a r  from these  r e s u l t s  t h a t  t he  degree of oxidation of t e t r a l i n  

COAL- 2 R c '  ( 1 )  

Ignoring the pa r t i c ipa t ion  of phenolic o r  s u l f u r  groups in  the  coal 
-Tor t h e  moment, the formation of 2 - t e t r a l y l  and i t s  subsequent reac t ion  with 
t h e  so lvent  keq. 2 )  wil l  lead t o  deuterium label  in the 2 -pos i t i on .  Ne have 
demonstrated 
indanylmethyl r ad ica l s  t h a t  the 1-methylindan observed in  the  r eac t ions  of 

in  a study of high temperature reac t ions  of t e t r a l y l  and 
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c o a l  and t e t r a l i n  i s  a p roduc t  o f  t he  reverse 1,2-ary l  m i g r a t i o n  o f  2 - t e t r a l y l  
r a d i c a l  (eq. 3 ) .  

5 
T h i s  r e a c t i o n  i s  endothermic w i t h  an a c t i v a t i o n  b a r r i e r  o f  22+2 kcal /mole.  
The presence o f  1-methy l indan i n  coa l  r e a c t i o n s  i n d i c a t e s  t h a t  coal  de r i ved  
r a d i c a l s  3 r e  s u f f i c i e n t l y  n o n - s e l e c t i v e  t o  produce 2- as w e l l  as 1 - t e t r a l y l  
r a d i c a l s .  A second pathway of scrambl ing i s  t h e  reve rse  o f  eq. 2. Reaction 
( 2 f )  proceeds w i t h  AG=O.l kca l /mole and AH=-16.1 kcal /mole a t  427"C, from 
thermoche i c a l  es t ima tes  o f  thermodynamic p r o p e r t i e s  o f  1- and 2 - t e t r a l y l  
rad i ca l s . '  Thus, a l t h o u g h  the  r e a c t i o n  i s  slow, equal concen t ra t i ons  of 1- 
and 2 - t e t r a l y l  r a d i c a l  would e x i s t  a t  e q u i l i b r i u m  a t  427°C. The d i r e c t  
un imo lecu la r  i n t e r c o n v e r s i o n  o f  1 - t e t r a l y l  and 2 - t e t r a l y l  r a d i c a l s  i s  p r e d i c t e d  
not t o  occu r  due t o 7 t h e  n e t  an t i bond ing  c o n f i g u r a t i o n  of the 1,2-hydrogen atom 
s h i f t  i n te rmed ia te .  O f  course, 1,2-hydrogen s h i f t s  and a l k y l  s h i f t s  i n  
c a r b o n i u t  i ons  proceed through a n e t  bonding i n t e r m e d i a t e  and occur ve ry  
r a p i d l y .  

Thus, c o n s t i t u e n t s  o f  t h e  coa l  which cou ld  conver t  r a d i c a l s  (which undergo 
r e l a t i v e l y  i n e f f i c i e n t  b i m o l e c u l a r  i n t e r c o n v e r s i o n )  t o  carbonium ions  (which 
undergo v e r y  r a p i d  u n i m o l e c u l a r  rearrangements), would cause s i g n i f i c a n t  
enhancements i n  scrambl ing r a t e s .  A l i k e l y  cand ida te  f o r  the convers ion o f  
r a d i c a l s  t o  carbonium i o n s  i s t h e  p y r i t e  i n  I l l i n o i s  No. 6 c o a l .  
NO. 6 con ta ins  about  3% s u l f u r ,  t w o - t h i r d s  o f  which i s  assoc ia ted  w i t h  i r o n .  
BY c o p - a s t ,  t h e  l o w - s u l f u r  Ka ipa row i t z  con ta ins  o n l y  40 ppm o f  i r o n .  
o f  Fe 

I l l i n o i s  

Reaction 
w i t h  s o l v e n t  r a d i c a l s  may l e a d  t o  the corresponding carbonium ions 

which would r a p i d l y  e q u i l i b r a t e  t h e  1- and 2-hydrogens of t e t r a l i n .  
w i t h  t h i s  view, Bock ra th  has observed an enhgnced r a t e  of i s o m e r i z a t i o n  of 
t e t r a l i n  t o  1-methy l indan wi th added p y r i t e .  
C l l Y C  y , *  I L L  . - ' U C Y ' J L C - '  _I" , . - I ,  ~ I.," ,11-, .-" ..-.,, --.. J - . "  ,-.. - s!?d hyrlrnnpn 
t r a n s f e r ,  though p y r i t e  i s  by no means the  o n l y  a c t i v e  c a t a l y t i c  agent."" 
Thp3form o f  i r o n  i s  n o t  s p e c i f i e d  i n  q. 4. 
Fe 
i d e n t i f y  t h e  s t r u c t u r e  and mechanisms o f  the i r o n  s u l f i d e  p a r t i c i p a t i o n  i n  

Consis tent  

Whi tehurst ,  et e, have observed 
+ L - +  - s r r r i + -  r - t - l - . - - r  r m l - . n - +  i r n m n r i - a t i n n  , ioh%,, i rnnon>tinn 

The o x i d a t i o n  o f  r a d i c a l s  by 
i n  aqueous media i s  w e l l  known." However, more work i s  needed t o  
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nonpolar donor media. 
i d e n t i f y  the  s t r u c t u r a l  f ea tu re s  o f  coals  which enhance hydrogen s h u t t l i n g .  

Further work i s  underway in  t h i s  labora tory  t o  
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TABLE 1 .  

I 

DEUTERIUM LABEL DISTRIBUTIONS IN RECOVERED TETRALIN A N D  NAPHTHALENE 

b Coal Reaction Time Tetra1 i n s  NaDhthal ene- 

- -  -- I l l i n o i s  No. 6 0 0 100 0 
2.5 5.6 91.8 2 .5  91.3 8 . 7  
5.0 30.0 55.2 0.8 78.3 21.7 

10.0 29.9 51.7 18.4 74.6 25.4 
35.0 35.7 39.3 25.0 54.8 45.2 
60.0 36.6 38.8 24.6 59.1 40.8 

-- -- Kaiparowi t z  0 0 100 0 
10 2.5 95.4 2.1 45.1 4.9 
35 4.2 90.2 5.6 92.0 8.0 
60 10.9 78.2 10.9 87.5 12.5 

a - %  of  deuterium i n  the  aromatic,  1 - ,  o r  2-posi t ion 
b - % of  deuterium i n  the 1- or 2-posi t ion 
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TABLE 2 

I S O T O P E  D E P L E T I O N  IN RECOVERED TETRALIN 

React ion 
Coal Time, min Deuterium Atoms/Mol eculea 

I l l i n o i s  No. 6 0 
2 . 5  
5 .0  

10.0 
35.0 
60.0 

2.0 
1.88 
1 .64b 
1 . 2 2  
1 .68 
1 . 4 5  

Ka i parowi t z  0 
10 
35 
60 

2.0 
1.82 
1.56 
1.52 

0 . 2  Atoms/molecule a 

bThis point  i s  suspec t  due t o  a poss ib le  temperature e r ro r  during the  
reac t ion .  
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TABLE 3 

RECOVERED YIELDS OF TETRALIN, 1-METHYLINDAN A N D  YAPHTHALENE 
AND HYDROGEN UPTAKE PER CARBON IN COAL- 

Coal Reaction Te t r a l in  1 -methyl- Naph H uptake, Atoms/ 

I l l i n o i s  No.6 2.5 89.7 0.2 10.1 0.12 
5.0 86.3 0 .3  13.4 0.17 
35 63.0 2.4 34.6 0.43 
60 51.9 3 . 5  44.6 0.55 

Time, min indan thalene Carbon A t o m  of Coal- 

Kai parowi t z  2.5 90.6 0 . 2  9 .2  0.12 
5.0 86.1 0 .3  13.5 0.17 
10 79.9 0.2 19.9 0.26 
25 72.7 1 .9  26.8 0.34 
60 62.5 2.9 34.6 0.44 

a Yields o f  t e t r a l i n ,  1-methylindan and naphthalene a re  normalized t o  100% 

b - U s e s  the  y i e ld  o f  naphthalene recovered to  es t imate  hydrogen uptake, 
neglects naphthalene and t e t r a l i n  bound t o  coal products (% 3 % ) .  
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